DMSP is a tertiary sulfonium compound produced in high concentration by certain species of marine algae and plant halophytes for the regulation of their internal osmotic environment (1, 41, 47, 120) , although its role in plants remains unclear. This alga-associated, i.e., particulate DMSP (DMSPp), when released into the marine environment as dissolved DMSP (DMSPd), can serve as a link between primary production and the microbial population, as it is readily degraded by chemoheterotrophic bacteria (59) . DMSP turnover usually exceeds DMS production in natural waters (60) because DMSP is also demethylated to 3-methiolpropionate, which can be further demethylated to 3-mercaptopropionate or demethiolated, releasing methanethiol (72, 118) . These reactions will be discussed in more detail below.
The biogeochemical significance of DMSP cleavage was first suggested in 1972, when DMS was found to be universally present in seawater and emitted at a significant rate to the atmosphere (87) . It was proposed that DMS, rather than H 2 S from coastal waters and mud flats, was the missing gaseous sulfur compound needed to enable the steady-state flow of sulfur between marine and terrestrial environments, making DMS emissions a key step in the global sulfur cycle (87) . Atmospheric H 2 S, which arises primarily from dissimilatory sulfate reduction in organic matter-rich environments, could never be measured in sufficient quantity to be the vehicle for transferring large quantities of sulfur from sea to air to land.
The total annual flux of biogenic DMS released to the atmosphere ranges from 28 to 45 Tg of S year Ϫ1 , at least 10-fold higher than from all other sources (Table 1) . Recent, more comprehensive calculations of global annual DMS flux from the oceans gave values that ranged from 13 to 37 Tg of S year Ϫ1 (57) . This sea-to-air flux represents about 50% of the global biogenic sulfur flux to the atmosphere (3). However, anthropogenic sulfur emissions dominate the sulfur flux, representing 80 to 90% of the input to the global sulfur cycle (12, 23, 88) .
The magnitude of the marine DMS emissions is all the more remarkable considering that over half of the DMSP released is demethylated (68) and that a significant fraction of the DMS is oxidized by bacteria in the water column before it can be released to the atmosphere (13, 64) . While most of the biogenic sulfur emissions (primarily DMS) come from the oceans, those coming from salt marshes and coastal wetlands are many times higher on a unit area basis (112) . DMS flux per unit area from these marine wetlands is also much higher than from any known terrestrial soil (2) . The biogeochemical cycling of DMSP and its biological degradation products are shown in Fig. 1 .
MARINE DMS EMISSIONS AND CLIMATE
Microbe-(and phytoplankton)-generated DMS resulting from DMSP cleavage not only serves to complete the global sulfur cycle; it may also have an impact on the earth's climate, at least in remote oceanic areas (3, 4) . Atmospheric DMS is rapidly oxidized to acidic aerosol sulfates via methanesulfonic acid (CH 3 SO 3 H) and sulfur dioxide (SO 2 ) (see review by Malin [88] ). These sulfur-containing aerosols serve as "cloudcondensing nuclei" which can absorb and scatter incoming radiation, altering the global radiation budget (24) , before falling to earth as acid rain. Based on model calculations, it has been postulated that the link between DMS generated by biological communities and sulfate aerosols acting as cloud-condensing nuclei reducing the amount of sunlight that reaches the earth's surface could (theoretically) decrease the global mean temperature (3, 23, 24) . Such a phenomenon would have a negative feedback affect on the marine community that generates the DMS (24, 88, 89) .
SOURCES OF DMSP
Micro-and macroalgae and halophytic plants are abundant sources of DMSP in the marine environment (22, 48, 81) . The synthesis of DMSP originates from methionine in both plants and algae, but the pathways differ from there. The pathway in Spartina alterniflora is as follows: methionine 3 S-methylme-thionine 3 DMSP-amine 3 DMSP-aldehyde 3 DMSP (76). Algae appear to synthesize DMSP as follows: methionine 3 4-methylthio-2-oxobutyrate 3 4-methylthio-2-hydroxybutyrate 3 4-dimethylsulfonio-2-hydroxybutyrate 3 DMSP (42) . Only a limited number of species of algae and halophytes are capable of DMSP biosynthesis (28, 29, 54, 55) , and its concentration can vary considerably from one species to another (55) .
In a recently studied Phaeocystis spring bloom, the DMSPp concentration in the water column averaged about 500 nM and spiked to 1,650 nM at its peak (129) ; in this case, algal biomass showed a positive overall correlation with DMS production. Blooms of this magnitude, however, are not typical in marine waters. In other locations and times, the correlation between algal chlorophyll a and DMSP/DMS concentrations in seawater were seen to be inconsistent (3, 83, 90, 119) . Andreae (3) examined DMS and chlorophyll a data from many locations and reported "values of r 2 near 0.3, which, because of the large number of data (over 1,000 measurements), are highly significant." However, as he pointed out, this is not a simple relationship, as the correlation explained only about 30% of the variability and suggested "a complicated interplay of algal speciation and trophic interactions." Although sophisticated methods of relating certain pigments to specific groups or classes of algae could theoretically be useful in identifying DMSP-rich phytoplankton taxa in situ, this proved unsuccessful in one study, leading to the suggestion that DMSP may be present in species that do not have common algal pigments (27) .
Phytoplankton that contain the highest cytosolic levels of DMSP are shown in Table 2 ; they are the small dinoflagellates (Ͻ10 m), prymnesiophytes (mainly coccolithophores), and chrysophytes. Only those hyperproducing species were chosen for Table 2 to emphasize that high concentrations of DMSP would probably exist in the seawater around these cells following their disruption by grazing or senescence, providing a substantial level of dissolved organic carbon for heterotrophic bacteria. In the gigantic coccolithophore blooms found in the North Sea, DMSP can reach 10% of the total carbon fixed (8) . Similar amounts of carbon fixed were shown to go into DMSP in the Ͻ2-m fraction from the North Atlantic (106) . The chrysophytes and prymnesiophytes are in this size range, and since they often occur in high concentrations in various areas of the ocean, DMSP may also be an important source of carbon in the microbial food web in those localized areas of the ocean. Other marine sources of DMSP are shown in Table 3 .
Benthic diatoms are also DMSP producers and appeared to be the major source of DMSP in microbial mats found in salt marshes (53) . In the summer months, these mat surfaces contained 550 to 850 M DMSP (based on sediment volume), which was a source of DMS under anoxic-dark conditions and served as a sink for DMS under oxic-light conditions (53, 122) . While marine microbial mats are rich in cyanobacteria, the cyanobacteria themselves produce negligible amounts of DMSP (53, 55) . A few species of freshwater cyanobacteria produce low but measurable levels of DMS in culture (92) and on alkali treatment (21, 22) ; the latter process cleaves DMSP, releasing DMS that is easily measured by gas chromatography. These methods of DMSP analysis are indirect, and the occurrence of DMSP in cyanobacteria needs to be proved by more rigorous methods.
One of the most unusual sources of DMS is that emitted from a benthic flatworm found in intertidal mudflats, Convoluta roscoffensis, which contains an algal symbiont, Tetraselmis sp. (121) . These worms aggregate in dense colonies in the surface sediments during receding tides while emitting large amounts of DMS. DMSP was present in high levels in sediments containing the worms. Pure cultures of the alga showed that it had high concentrations of DMSP but no DMSP lyase activity, leading to the deduction that worm tissue contained both DMSP and the DMSP lyase activity. Although the role of microbes could not be excluded, it appeared that they did not contribute significantly to the DMS production observed in these worm-populated sediments (121) .
Cytosolic DMSP in algae is physically separated from the DMSP lyase(s), as suggested by the fact that healthy populations produce little DMS (109, 119, 136) . DMSP lyases in phytoplankton that are membrane bound are presumably not in contact with cytosolic DMSP. These phytoplankton lyases were tabulated by Steinke et al. (111) and included species of Phaeocystis, Polysiphonia, and Ulva. Several Emiliania huxleyi isolates are claimed to have membrane-bound lyase activity, but the evidence presented was that only a fraction of the total activity (4 and 54% in two different isolates) appeared in the supernatant after high-speed centrifugation (111) . The apparent assumption was that the remainder of the activity was in the pellet (i.e., membrane bound).
It appears that the DMSP lyase in all phytoplankton species, including E. huxleyi, is expressed constitutively, but its characteristics in isolates of the latter were quite different from one another, suggesting they were isoenzymes with "possibly different cellular locations and functions and varying DMS production under natural conditions" (111) . DMSP lyases have been purified from two different species of macroalgae, the red alga Polysiphonia paniculata (113) and the green alga Ulva curvata (34) . Both species yielded several lyase proteins of different molecular weights. The major enzyme components purified from these species differed considerably in their K m s for DMSP; the K m s of the Polysiphonia lyase was 73 M, while that of the Ulva lyase was 520 M. The specific activity of the Polysiphonia enzyme remains uncertain, as the values calculated from the figures differed from those in the text by 150-fold (100) .
Although most, but not all (99) , DMSP-producing species of phytoplankton have DMSP lyase activity, its physiological role remains unknown. Bacteria are generally thought to dominate DMS production (60) , but recent data suggested that within aging E. huxleyi blooms at some North Atlantic sites where the photosynthetic dinoflagellates biomass was greater than that of the coccolithophores, 75 to 80% of the total DMSP lyase activity was associated with the dinoflagellates (110) . Bacterium-sized particles at these sites had Ͻ5% of the total DSMP lyase activity. This is complicated, however, because of the possibility of particle-attached bacteria having DMSP lyase activity.
Higher plants that produce the highest levels of DMSP are leaches from S. alterniflora leaves into the creek waters (102) . While nothing is known about the microbial degradation of and growth on the DMSP associated with these plants, it can be surmised that both chemoheterotrophic parasites (endophytes and epiphytes) and saprophytes make use of this plentiful, energy-rich monomeric substrate. While there is no information on DMSP-utilizing bacterial epiphytes, there is evidence that fungi involved in decay of Spartina cordgrass are capable of using the cytosolic DMSP, estimated to be 20 to 70 mM (Table 2 ). Of 11 species of ascomycete fungi, which are the predominant decomposers of DMSP-producing salt marsh grasses, all but 2 had DMSP lyase activity and could grow in vitro on DMSP. Conversely, only 3 of 21 fungal species that decompose non-DMSP-producing halophytes had DMSP lyase activity (11) . These data suggested coevolution of the DMSP-utilizing fungi and the DMSP-producing halophyte. Finally, there is only speculation as to the function of DMSP in these marsh plants. While it may be presumed to be related to osmotic regulation (29) , an experiment designed to test this hypothesis yielded negative results in S. alterniflora and related species (reference 101 and references therein).
LINKING PHYTOPLANKTON DMSP TO THE MICROBIAL FOOD WEB
The bulk of the DMS produced on this planet comes from DMSP produced and stored in marine phytoplankton (DMSPp), and therefore processes that release it are critical to understanding DMS production. DMSPd, which is a constituent of dissolved organic carbon, ranges from 5 to 50 nM, with concentrations of Ͼ100 nM in blooms of DMSP-producing algae. DMSPd leaches from phytoplankton during stress, senescence, viral lysis, microbial attack, and grazing by zooplankton (17, 123, 135) ; its flow to marine heterotrophs constitutes a part of the microbial loop (10, 104) . Since DMSP comprises 1 to 10% of the carbon in some algal species (91) , it is assumed to be an important part of the dissolved organic carbon available to bacteria. The strong emissions of DMS from the water column and the appearance of DMSP demethylation products in anoxic sediment pore waters (72, 94) indicate that DMSP is a readily metabolizable form of dissolved organic carbon, with all the products of its degradation used as microbial substrates (104) .
With some assumptions relating to assimilation efficiency, it was estimated that DMSPd released from North Atlantic and North Sea phytoplankton (coccolithophore) blooms was of sufficient quantity to support over 5% (range, 1 to 15%) of the microbial carbon demand (106, 140) . DMSPd turnover in the Gulf of Mexico supported a slightly lower percentage of microbial growth (67) . In addition, DMSP contributed nearly all the sulfur requirement to the microbes at these locations. No other single compound is known to contribute so much carbon and sulfur to the microbial food web. This is perhaps not surprising, because the concentration of cytosolic DMSP in some algal species is very high (ca. 0.5 M), with many in the range of 100 to 200 mM (Table 2) , and DMSP is a readily metabolizable monomer requiring no previous hydrolytic enzyme activity to release it. The importance of DMSP-sulfur in the microbial food web (69) is discussed below. The conclusion is that DMSP is intimately linked to the pelagic food web and the microbial loop and could be a key to culturing some of the currently unculturable marine microbes.
The coupling between phytoplankton bloom formation and the resulting increase in bacterial biomass in numerous studies usually showed a distinct delay of several days (references 16 and 123 and references therein). Similarly, DMS emissions lagged behind the collapse of diatom blooms (by 2 to 10 days) as seen in large-scale mesocosm experiments (78, 91) , but could also occur at the peak of the algal bloom (63, 79, 129) . As the mesocosm experiments were carried out in the absence of grazing by zooplankton predators, these workers concluded that senescence-related cell lysis was responsible for release of the DMS. Senescence was also attributed to the release of DMSPd and DMS in natural assemblages of phytoplankton (90) and in experiments with axenic Phaeocystis cultures (109). The latter was taken to suggest that algal DMSP lyase "may contribute significantly to DMS production from DMSPp during bloom situations in the field." This and other studies (19) indicate that bacteria accompanying phytoplankton blooms, such as these high DMSPp-containing colonial forms, are not responsible for all the DMS produced during senescence. Finally, evidence indicates that phytoplankton senescence and the concomitant DMS production are linked to nutrient deficiency (97) , which is believed to be responsible for the "crash" of most blooms.
DMSP released by zooplankton grazing. Zooplankton (dinoflagellates, ciliates, copepods, and krill) are known to process a large fraction (10 to 25%, or higher) of the daily oceanic primary production (80, 114) , but their role in the DMSP recycling processes is still not fully understood. Laboratory studies by Dacey and Wakeham (30) were the first to show that marine copepods grazing on Gymnodinium nelsoni greatly stimulated DMS production, and other workers have made similar observations (15, 25, 31, 82) . In surface waters of the North Sea, Archer et al (8) found that 16 to 43% of the DMSPp pool turned over daily due to zooplankton grazing of coccolithophore blooms. However, the importance of grazing is debated, as others found that the distribution of DMS was not statistically related to the abundance of zooplankton (copepods and ciliates) in the water column and that it was probably not important to the biogeochemistry of DMS (18, 25, 77, 82, 116) .
In one study, grazing of DMSP-rich Phaeocystis spp. removed Ͻ1% of the standing stock in a spring bloom day Ϫ1 (123) because, it appears, its colonies reach 2 mm in size and are too large for predation by most zooplankton. Copepods do, however, repackage some unknown quantity of phytoplankton biomass, including DMSP, in the gut as fecal pellets (14, 25, 30, 77, 82, 116) , making it readily available to bacteria. Copepod bodies contain micro-to millimolar concentrations of DMSP (116) , presumably much of it in fecal pellets; 33 mM was measured in fresh pellets in one experiment (77) . Tang (115) believes the rapid diffusion of DMSPd from zooplankton fecal pellets has been incorrectly described as "sloppy grazing." Although the gut contents of grazing zooplankton are rich in DMSP, relatively little DMS is produced (8, 18, 77, 131) . This could result if (i) the DMS produced was rapidly consumed as an energy source by other gut bacteria (64, 33) , (ii) the DMSP was demethylated or demethiolated (62, 118) , or (iii) other soluble, nonvolatile DMSP degradation products were produced, as suspected (67) . Some DMSPp is used by microzooplankton as a carbon source, but it appears to be used primarily as their sulfur source (8) . Taken together, the DMSP/DMS sinks are many and varied, which appears to explain why so little of the total DMSP produced by grazed phytoplankton ends up as atmospheric DMS. The rapidity with which DMSP in the fecal pellets is metabolized is inferred from the fact that most pellets sink rapidly (50 to 1,000 m day Ϫ1 ) (52), yet little or no DMS(P) was measured beneath the euphotic zone (13, 90) . Both DMSP and DMS were also closely associated with the algal biomass in a shallow coastal salt pond (133) . All indications point to little fecal pellet DMSPp escaping the phytoplankton-rich zone in the water column. Finally, DMSP, DMS, and acrylate also get into the microbial food web via the gut contents of some fish, turtles, and birds that feed on either DMSP-rich phytoplankton, epiphytized reef plants, or krill (reference 28 and references therein).
BACTERIAL DEGRADATION OF DMSP
Since most DMS produced on earth originates from marine sources, it is somewhat ironic that the first bacterial isolate capable of producing DMS from DMSP came from a freshwater river sediment. That isolate, an anaerobe resembling Clostridium propionicum, grew by fermenting DMSP to DMS, propionate, acetate, CO 2 , and a proton (132) . Anaerobic bacteria in marine sediments also produced these products when amended with acrylate (73) . Alternatively, a newly discovered marine sulfate reducer, Desulfovibrio acrylicus, cleaved DMSP to DMS and acrylate and used the acrylate as a terminal electron acceptor (127) . Anaerobic bacteria in Spartina salt marsh sediments can use DMSP and acrylate as a source of energy for growth and N 2 fixation (36). However, microbes with this capability appeared to be unique to this environment (salinity of 17 to 24 ppt and 10 to 15 nM DMSP in the sediment porewater); they could not be detected in marsh sediments along brackish waters (salinity below 8 ppt and no DMSP).
The first (59, 118) and all subsequent aerobic DMS-producing isolates have been assumed to cleave DMSP similar to algae (see equation 1 above), but acrylate has apparently only been demonstrated to be a product of this reaction in anoxic sediments (72) and the anaerobe D. acrylicus (124) . It may be that no one has looked for acrylate production concomitant with DMSP cleavage by aerobes, but its production remains to be assumed. In this regard, 13 C-labeled DMSP uptake could be demonstrated in a cultured DMS producer, but labeled acrylate could not be detected (6, 7) . From the results of a more extensive study (discussed below), it was surmised that acrylate turned over rapidly, resulting in low, undetectable pool sizes. DMS-producing aerobes do, however, grow equally well on DMSP and acrylate as the only source of carbon (38, 59, 86, 118) , and both molecules are equivalent as inducers of DMSP lyase activity (35, 83) , all consistent with acrylate's being produced along with DMS.
Microbial production of DMS from either naturally occurring or added DMSPd has been well documented in both oceanic and estuarine waters (59, 71, 118) and salt marsh sediments (65, 74) . Marine sediments produce approximately 1,000-fold more DMSP and DMS than the overlying water (96) , with rates of gaseous sulfur emissions being 10-to 100-fold higher (112) . Consistent with these findings, most-probable-number analyses of aerobic DMS producers in sediments from a Spartina salt marsh and sea grass-dominated intertidal zone were 10 6 to 10 7 (ml of sediment) Ϫ1 (53, 138) compared to 10 3 to 10 5 ml Ϫ1 in seawater (98, 119) . Nevertheless, the relatively small area of salt marshes and near-shore sediments compared to the oceans greatly reduces the relevance of these sediments in the global biogeochemistry of DMS and the sulfur cycle.
As phytoplankton blooms decline, bacteria attached to these cells were seen to increase relative to the number of free-living bacteria present in the samples (10, 16, 93) . For example, Phaeocystis epiphytes were eightfold more numerous than those surrounding the algal cells (99) . The number of these epiphytes that were DMSP utilizers is unknown. In another study, phytoplankton particles Ͼ20 m in size had high rates of DMS production (from added DMSP) compared to 0.7-to 2-m-sized particles (free-living bacteria), which were negligible (19) . The higher rates of DMS production by the larger particles were due either to attached bacteria or to the size of the phytoplankton cells; the researchers speculated that it might be due to attached bacteria. Until an inhibitor that can distinguish between the DMSP lyases of bacteria and phytoplankton is identified, there is no apparent way to assess the relative contribution of each, which is one of the important unanswered questions concerning the biogeochemistry of DMS.
DMSP-consuming bacteria are also found attached to or associated with copepods. Microbial most-probable-number analysis of Acartia tonsa that had been homogenized showed Ͼ10 4 DMSP consumers per animal after feeding on DMSPcontaining algae (117) . This number was estimated to be about 1% of the total bacteria associated with this copepod. These workers also estimated that 1 cm 3 of copepod fecal material contained about 10 10 to 10 11 DMSP-consuming bacteria. The breakdown between the bacteria attached to particulate algal debris and those living free in the feces is unknown and probably irrelevant.
Free-living assemblages of aerobic DMSP-degrading bacteria are commonly found in oceans and estuaries, where they either produce DMS concurrent with growth (70, 83) or demethylate it and grow on the product(s) (118) . In coastal waters and the open waters of the Gulf of Mexico, free-living bacteria (the Ͻ1-m filtrate) were shown to be responsible for most of the DMSPd degradation and are believed to dominate DMSPd utilization (63, 67) . A number of studies have focused on obtaining the kinetic parameters of DMSP loss, DMS production rates, and K m s in natural waters. DMSP turnover rates in coastal waters, although about 10-fold higher than in oceanic waters (67) , were in the range of Ͻ1 to ca. 100 nM day Ϫ1 (60, 63, 64, 71, 84, 85) .
Deductions about DMSP degradation based on measurements of K m s, rates of DMSP loss, and appearance of products would seem to be confounded by some or all of the following factors: (i) the presence of organisms ranging from small protists to a heterogeneous bacterial assemblage to the presence of free enzymes in the water column, all capable of carrying out these reactions (59, 62) , (ii) because of the multiplicity of species acting on DMSP, both cleavage and demethylation may occur at the same time, and even by the same organism (43, 69) , (iii) some products of DMSP degradation may in turn be degraded by the same or other bacteria, thus underestimating their production, (iv) some DMS producers have extracellular DMSP lyases, while others have a combination of uptake protein and a cytosolic DMSP lyase, meaning that the lyases of the bacterial assemblage are responding to a combination of environmental and physiological DMSP concentrations, (v) interactions occur between uptake, accumulation, and lyase induction, and finally (vi) some microbes concentrate DMSP for possible use as an osmotic regulator (39, 134) . As these factors would all vary from one site to another, kinetic data from natural samples would certainly be prone to some misinterpretation. Nonetheless, these types of data contributed to establishing a consensus over the past 15 years of the biogeochemistry of DMSP and DMS (Fig. 1) .
DMSP demethylation. One of the more significant findings in studying DMSP degradation was that microbes that could degrade DMSP without producing DMS existed in anoxic sediments and in seawater (62, 72, 74, 118 A product that is suspected but not proven to be the other product of this demethiolation reaction is marked with an asterisk. This process appears to explain numerous observations in natural samples where the rate of loss of DMSPd exceeded the rate of DMS production (62, 67, 71, 79, (84) (85) (86) 135) . In most cases, the extent of demethylation in natural water and sediments was reported as the difference between the DMSP consumed and DMS produced after taking into account DMS uptake by bacteria. These DMS utilizers, as measured by mostprobable-number analyses, are ubiquitous in the marine environment, being present at ca. 10 3 (ml of estuarine water)
Ϫ1
(70) and 10 5 (ml of anoxic intertidal sediment) Ϫ1 (53) . In sediments, DMS utilization would be due, at least in part, to methanogenic archaea (70, 74, 126) and methylotrophic bacteria (131) .
Even though marine prokaryotes are a major sink for DMS, methanethiol resulting from demethylation is metabolized much more rapidly (62, 140) , presumably because it is a major source of sulfur for the biosynthesis of methionine by some marine bacterioplankton (67, 69) . Methanethiol derived from DMSP appears to be the major source of sulfur for marine bacteria in general and supplies Roseobacter species with VOL. 68, 2002 MINIREVIEWS 5809
on February 27, 2014 by PENN STATE UNIV http://aem.asm.org/ Downloaded from Ն95% of their sulfur needs (69, 140) . This is significant because ␣-proteobacterial DMS producers, the "Roseobacter lineage" (43) , have been reported to be abundant in marine waters (32, 46, 95) . In anoxic marine sediments, DMSP is both cleaved to DMS and demethylated, yielding 3-mercaptopropionate and methanethiol (72) , with most of the methanethiol being converted to methane, a sink for these types of sulfur molecules (74) . A methanogen isolated from anoxic sediments was capable of demethylating 3-methiolpropionate to 3-mercaptopropionate (71, 128) , and a sulfate reducer that cleaved DMSP to DMS and acrylate was isolated (127) . Another sulfate-reducing isolate demethylated DMSP to yield 3-methiolpropionate (126) by using a unique DMSP-tetrahydrofolate methyltransferase (50) .
Factors controlling the pathways of bacterial degradation of DMSP to DMS (cleavage) versus methanethiol (demethylation/demethiolation) are probably numerous and not well understood (53, 129, 140) . Different marine environments would be expected to produce different ratios of DMS to methanethiol depending on the ambient levels of DMSPd. This would be influenced by the local phytoplankton bloom, whose stage of development would be influenced by the level of nutrients in the water column, and the season. For example, the microbial assemblage within a DMSPp-rich Phaeocystis bloom varied in its production of DMS and demethylation products depending on the stage of the bloom and the concentration of DMSPd that it produced (129) . The microbial species found in particular blooms also have a great influence on DMS emissions. For example, the dominant bacterial species in the large Emiliania huxleyi blooms of the North Atlantic were related to the Roseobacter group (140), many of which are known to be methanethiol producers. DMSPd turnover in these Roseobacter-rich waters was 10-fold higher than the DMS produced, with the difference presumed to be shunted toward methanethiol production to be used for the assemblages' sulfur and carbon growth needs (69) . This work has led to the suggestion that the composition of the DMSP-degrading assemblage in special environments, such as around the coccolithophore blooms of the North Sea, can in fact regulate the amount of DMS produced and thus emitted to the atmosphere (85, 129, 140) .
Phylogeny of DMSP degraders. The first DMSP-degrading microbial isolates shown to be capable of producing DMS, 3-methiolpropionate, or methanethiol (59, 118) or accumulate DMSP when placed under osmotic stress (39, 134) were all of undetermined phylogeny. The first indication that certain phylogenetic groups might be rich in DMSP degraders came indirectly from studies of culturable lignin-utilizing bacteria and indicated that many of the marine ␣-subclass of the Proteobacteria species had this capability (46) . Nearshore and estuarine lignin enrichment cultures, when screened against community DNA, resulted in the identification of numerous isolates, many of which were closely related to the genus Roseobacter (44, 46) . Probes of 16S ribosomal DNA designed to quantify this group showed them to be an important community in coastal seawater.
Among the microbes having homology with theses probes (MALF-1 and MALF-2) was the DMSP degrader strain LFR. Subsequent analysis showed that many of the lignin and DMSP enrichment isolates were DMSP-degrading ␣-proteobacteria (43) . Members of the Roseobacter clade were prominent in the algal booms of the North Atlantic, and their abundance correlated positively with DMSP concentration and phytoplankton biomass (45) . DMSP enrichments of estuarine creek water and surface sediments from a Spartina salt marsh yielded isolates predominantly (ca. 80%) of the ␥-subclass of Proteobacteria, with many showing a phenotypic relationship to pseudomonads (5) . The remainder were ␣-Proteobacteria, with one exception, Alcaligenes faecalis, the only ␤-subclass member of the Proteobacteria isolated, but it was a phylotype isolated numerous times.
Terrestrial and freshwater sediments contain only minute amounts of DMSP compared to marine sources (R. P. Kiene, unpublished data quoted in reference 61); nonetheless, DMSP amendments to river sediments showed DMS production rates and contained numbers of DMS producers of about 1% of those measured in marine sediments (138) . Furthermore, the isolates obtained were aerobic DMS producers. Tellurite followed by DMSP enrichment provided an environment to find heretofore unrecognized genera of DMS producers. The most numerous of these tellurite-resistant isolates were gram-positive, Nocardia-like organisms which phylogenetic analysis (16S rRNA gene sequences) showed to be Rhodococcus equi and Rhodococcus rhodochrous. Also isolated by this enrichment regime were gram-negative, tellurite-resistant DMS producers having phylotype similarities to Sinorhizobium and Paracoccus and an isolate having 100% 16S rRNA sequence similarity to Pseudomonas aeruginosa. Parallel enrichments of marine sediments yielded only gram-negative DMS producers (138) . The usefulness of the DMSP-cleaving phenotype to microbes living in a freshwater DMSP-free environment as far inland as the Missouri River in the middle of North America (N. Kulkarni and D. C. Yoch, unpublished data) remains a mystery, since this area has not had a marine environment, and therefore presumably no exposure to DMSP, for the past 70 million years.
DMSP uptake and cleavage. Detailed studies of the physiology of DMSP-cleaving aerobic bacteria began with Roseobacter-related isolates from the Sagassso Sea, strain LFR (83, 86) , and Sagittula stellata, a coastal isolate (43) ; Alcaligenes faecalis M3A, a ␤-proteobacterium salt marsh surface isolate (35, 38) ; and Pseudomonas doudoroffii, a ␥-proteobacterial oceanic isolated (35, 37) . Some of the Roseobacter-related coastal/ salt marsh isolates appeared to be capable only of DMS production, with none apparently being strict DMSP demethylators or demethylators/demethiolators (43) . However, since these analyses were carried out with 2 to 10 mM DMSP, it is possible that the lack of methanethiol production, indicative of demethylation/demethiolation, was inhibited by these high substrate concentrations.
One group of these isolates, strains DSS-3, DSS-8, ISM, GAI-5, and GIA-8, stood out as highly versatile in their metabolism of DMSP in that all had DMSP lyase, DMSP demethylase, and 3-methiolpropionate demethiolase activities (43) . Their DMSP-degrading phenotypes were not identical, as only two could grow on both DMSP and acrylate, suggesting that they also had acrylase activity. Strains ISM, GAI-21, and GAI-109 were similar to a phototroph, Thiocapsa roseopersicina M11, isolated from a marine microbial mat (53) in that they had DMSP lyase activity but could not grow on either DMSP (5) . DMSP uptake and cleavage have been studied in some detail in an isolate from each of the ␣-, ␤-, and ␥-subclasses of the Proteobacteria (6, 7, 124, 137) . These cultured isolates may serve as models for additional biochemical studies even though they may not be representative of the dominant DMS-producing phylotypes in natural waters. In strain LFR, the most thoroughly studied isolate of the ␣-subclass, DMSP uptake preceded production of DMS, indicating an intracellular location of DMSP lyase (83) . Accumulation of [1- 13 C]DMSP in the cytosol confirmed the intracellular location of the lyase ( Fig.  2A) (7) . Its disappearance coincided with the appearance of an unsuspected degradation product, [1- 13 C]␤-hydroxypropionate, which in turn was decarboxylated in the cytosol. Acrylate, the putative intermediate, was not detected, suggesting that it may have turned over so rapidly that the pool size remained below the nuclear magnetic resonance detection limit. [1- 13 C]acrylate additions to cell suspensions of strain LFR resulted in [
13 C]␤-hydroxypropionate first accumulating outside the cell and then appearing the cytosol, where it was subsequently metabolized. The appearance of ␤-hydroxypropionate both outside the cell and in the cytosol suggested that acrylase, the enzyme responsible for converting acrylate to ␤-hydroxypropionate, operated (7) both outside (in either the membrane or periplasm) and inside the cell.
The ␤-subclass isolate Alcaligenes faecalis M3A was shown to possess an extracellular DMSP lyase and acrylase which converted DMSP and acrylate, respectively, to ␤-hydroxypropionate, which was detected externally prior to its disappearance and accumulated in the cytosol, where it was metabolized (Fig.  2B) (6, 35) . In both the ␣-and ␤-subclass isolates, DMSP and acrylate induced both DMSP lyase and acrylase, but these were only effective because they are the precursors of ␤-hydroxypropionate, the actual inducer. In both isolates, low endogenous (preinduced) levels of DMSP lyase and acrylase (designated DL* and Ac*, respectively, in Fig. 2A and B) provided sufficient ␤-hydroxypropionate to induce higher levels of these enzymes in response to higher levels of substrate.
The ␥-proteobacterial isolate Pseudomonas doudoroffii took up DMSP before cleaving it to DMS and acrylate, action indicative of a cytosolic DMSP lyase similar to that of strain LFR (Fig. 2C) (35, 137) . DMSP was taken up by an energy-dependent (cyanide-sensitive) transport system which saturated at several levels, the lowest having a half saturation constant (K t transport) of 3.4 M, substantially higher than the DMSPd found in situ, suggesting that it may have binding sites of higher affinity. 3-Methiolpropionate and glycine betaine inhibited DMSP uptake by P. doudoroffii suspensions, but glycine betaine was far less effective than it was in natural assemblages of DMS producers (66) . The details of how these or related organisms in natural waters take up DMSP and acrylate, induce the appropriate enzymes, and metabolize these molecules in response to their in situ concentrations remain unknown.
DMSP lyases have been purified from three species of bacteria; all are composed of a single 48-kDa polypeptide having a K m for DMSP in the range of 0.5 to 2.0 mM (36, 38, 125) . In a cell extract of the Phaeocystis sp., the K m of the lyase was 2.25 mM (101) . These values are all many orders of magnitude higher than the levels of DMSPd found in oceanic waters and sediments. Those values range from 2 to 20 nM (with most values being Ͼ5 nM) in oceanic and nearshore waters (15, 49, 119, 133 2 . Models comparing the uptake and metabolism of DMSP and acrylate in (A) strain LFR, (B) Alcaligenes faecalis, and (C) Pseudomonas doudoroffii. Abbreviations: ␤-HP, beta-hydroxypropionate; DL and DL*, inducible and constitutive DMSP lyase, respectively; Ac and Ac*, inducible and constitutive acrylase, respectively; acrylate‫,ء‬ assumed to be present but not detectable; 2,4 DNP, the energy uncoupler 2,4-dinitrophenol; BP, binding protein; GBT, glycine betaine. Dashed lines in C represent the assumed mechanism of acrylate (via ␤-hydroxypropionate) induction of DMSP lyase in this organism.
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on February 27, 2014 by PENN STATE UNIV http://aem.asm.org/ blages in natural waters ranged from high-affinity systems in the low nanomolar range (66, 84, 85, 105) to low-affinity turnover in the micromolar range (53, 84, 85, 124) . In these types of studies, it might be useful to test higher levels of DMSP (which has never been done) to ensure that uptake systems and lyase activities are truly saturated and that any low-affinity activity is not missed.
Isolates grown on substrate levels of DMSP show even greater variability in their K m s for DMSP cleavage, ranging from millimolar (37, 125, 127) to high nanomolar in range (83). Cantin et al. (19) suggested that microbes with these lowaffinity DMSP-cleaving systems might solve this apparent dilemma by attaching or closely associating, probably via chemotactic attraction (139) , to phytoplankton cells, as DMS production was correlated with filter fractions (Ͼ20 m) having high DMSPp levels. Such attachment was particularly high during senescence (100), when the high millimolar levels of DMSP are leaking from high DMSP-containing species of phytoplankton (Table 2) .
Such a broad range of K m s has been documented previously for glucose utilization by marine populations and ascribed simply to the complexity of the microbial environment (9) , which may provide a rationalization for the findings cited here. Alternatively, high K m values, it was suggested, result from bacteria being acclimated to (or perhaps evolving in) environments having a high substrate concentration (105) , such as DMSP found around senescent or virally lysed phytoplankton or salt marsh sediments, where DMSP levels are high (58) . The fact that phytoplankton also have DMSP lyases with K m s varying from micromolar (100) to millimolar (108) further complicates the study and interpretation of DMS production in situ. Presumably these low-affinity algal lyases would be competitive with the putative low-affinity enzymes from bacteria, since the algal enzyme would be in the immediate proximity of the DMSP leaking from the old or damaged cell.
Conclusions. DMSP cleavage to DMS plays an important biogeochemical role in the global sea-to-land transfer of sulfur, and it has a potential effect on remote oceanic weather patterns due to its oxidation in the atmosphere, which generates cloud-condensing nuclei leading to reflection of solar radiation (Fig. 1) . The amount of DMS released to the atmosphere is all the more amazing now that we understand that a sizable fraction of the marine DMSPd is not cleaved but demethylated to yield methanethiol. Methanethiol appears to be particularly important as a source of sulfur for marine bacteria and perhaps some eukaryotic organisms. An emerging hypothesis suggests that as the DMSP concentration increases, DMS production increases until the demethylation/demethiolation pathway is saturated, at which point all the DMSP is cleaved to yield DMS. If microbial sulfur demand is low, a higher proportion of DMSP is degraded via the demethylation pathway, whereas at higher DMSP concentrations, more DMS is produced (68) . The importance of DMS production justifies the intense study of this process by bacteria and algae during the past 15 years, and this review was an attempt to document that progress.
